Estimation of human exposures to polycyclic aromatic hydrocarbons (PAHs) is often desired for the epidemiological studies of cancer. One way to obtain information about indoor levels of PAHs is to measure these chemicals in house dust. In this study, we evaluated the predictive value of self-reported and geographic data for estimating measured levels of nine PAHs in house dust from 583 households in the Northern California Childhood Leukemia Study (NCCLS). Using multivariable linear regression models, we evaluated the effects on house-dust PAH concentrations from the following covariates: residential heating sources, smoking habits, house characteristics, and outdoor emission sources. House dust was collected from 2001 to 2007, using both high-volume surface samplers and household vacuum cleaners, and was analyzed for nine PAHs using gas chromatography-mass spectrometry. All nine PAHs were detected in more than 93% of dust samples, with median concentrations ranging from 14 to 94 ng/g dust. Statistically significant effects on PAH concentrations in house dust were found for gas heating, outdoor PAH concentrations, and residence age. Yet, the optimal regression model only explained 15% of the variation in PAH levels in house dust. As self-reported data and outdoor PAH sources were only marginally predictive of observed PAH levels, we recommend that PAH concentrations be measured directly in dust samples for use in epidemiological studies.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are molecules with two or more fused aromatic rings that are formed as products of incomplete combustion. Children are exposed to PAHs from a variety of indoor sources including cigarette smoke, wood-burning fireplaces, gas appliances, and grilled or charred foods, as well as to outdoor sources of PAHs, including vehicle exhaust (Agency for Toxic Substances and Disease Registry, 1995) . Occupational exposures to PAHs have been associated with increased risks of lung, skin, and bladder cancers (Boffetta et al., 1997) . Likewise, increased levels of PAH-DNA adducts have been associated with lung cancer in the general population (Perera et al., 2002) . Moreover, in utero PAH exposures, as measured by maternal personal air monitoring during pregnancy, have been associated with IQ deficits (Perera et al., 2009) , cognitive developmental delays (Perera et al., 2006) , decreased gestational size (Choi et al., 2008) , and respiratory effects (Miller et al., 2004; Jedrychowski et al., 2005) .
Surrogates of PAH exposure have been measured in several environmental and biological media, including air (Tjoe Ny et al., 1993; Burstyn et al., 2000; Pleil et al., 2004) , house dust (Murkerjee et al., 1997; Chuang et al., 1995 Chuang et al., , 1999 Lewis et al., 1999; Rudel et al., 2003; Wilson et al., 2003; Beyea et al., 2006; Gevao et al., 2007; Maertens et al., 2004 Maertens et al., , 2008 , urine (Jacob and Seidel, 2002; Onyemauwa et al., 2009; Sobus et al., 2009) , and blood (Kriek et al., 1998; Dai et al., 2004) . Because PAHs can accumulate in carpets over years and decades (Roberts et al., 2009 ), housedust PAH concentrations may be long-term predictors of indoor PAH exposures. Moreover, because inadvertent dust ingestion could be responsible for as much as 42% of nondietary total PAH exposure in young children (Gevao et al., 2007) , levels of PAHs in house dust may be particularly relevant to the uptake of PAHs in children.
Previous studies have reported that PAH concentrations in house dust were higher in urban compared with rural homes (Chuang et al., 1999) , in smoking compared with nonsmoking homes (Maertens et al., 2004) , in spring compared with summer (Murkerjee et al., 1997) , and in homes with decreased cleaning frequency (Maertens et al., 2008) . Curiously, in the largest study to date, an inverse relationship was observed between estimated outdoor PAH levels and PAH concentrations or loadings measured in house dust (Beyea et al., 2006) .
Although measurements of chemicals in house dust are specific measures of indoor exposures, such data have rarely been collected in epidemiological investigations. Rather, epidemiologists have classified potential exposures to chemicals on the basis of self-reported information and/or ambient levels of chemicals measured at outdoor monitoring sites. As self-reports and estimated outdoor air levels may not be good surrogates for indoor exposures, it is important to know the extent to which these indirect measures predict household levels of environmental agents. In this study, we evaluate the predictive value of self-reported and geographic data in estimating measured levels of nine PAHs in house dust.
Methods

Study Population
The Northern California Childhood Leukemia Study (NCCLS) is a large case-control study of childhood leukemia conducted in 35 counties in the San Francisco Bay area and California Central Valley, where cases aged 0-14 years are ascertained from nine pediatric clinical centers. Controls, matched to cases on the basis of date of birth, sex, race, and Hispanic ethnicity, are selected from the California birth registry (Chang et al., 2006) . Cases and controls aged 0-7 years, who were living in the same home they occupied at the time of diagnosis (and a similar reference date for controls) from December 1999 to November 2007, were eligible for household dust collection. Among 324 cases and 407 controls determined to be eligible, 296 cases (91%) and 333 controls (82%) participated, and among the participants, 277 cases (94%) and 306 controls (92%) had analyzable dust. We obtained a written informed consent from the children's parent or legal guardian in accordance with the institutional review boards' requirements at the University of California, Berkeley and all other participating institutions.
House-Dust Collection
House-dust samples were collected using a high-volume surface (HVS3) sampler or household vacuum cleaners, as previously described; (Colt et al., 2008) data from both methods were used in our analyses. Briefly, for HVS3 samples, parents were asked to identify the room (other than the kitchen or the child's bedroom) in which the child spent the most time while awake. For most subjects, this was the living room or family room. The interviewer marked a 4-ft by 6-ft area using tape and vacuumed the surface in 3-inch strips, making four passes back and forth on each strip, until 10 ml of fine dust had been collected. In HVS3-sampled homes, the area of the carpet sampled was a variable that could be included in statistical analyses. The HVS3 sampling train was cleaned with isopropyl alcohol and dried between uses at each home. Initially, HVS3-sampled dust was collected (N ¼ 415, 71%), but household vacuum cleaner dust was substituted starting in 2006 (N ¼ 168, 29%).
Laboratory Analysis of PAHs
The nine PAHs analyzed were benzo(a)anthracene, chrysene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, coronene, and dibenzo(a,e)pyrene. For the PAH analyses, 0.5-g portions of dust were spiked with 250 ng of each of two surrogate recovery standards 13 C 6 -benzo(k)fluoranthene and 13 C 6 -dibenzo(a,e)pyrene. Dust samples were then extracted by ultrasonication in the ratio of 1:1 hexane/acetone, solvent exchanged into hexane, purified by solid-phase extraction (using sequential elution of hexane, 15% diethyl ether in hexane, and dichloromethane on 1 g silica cartridges), concentrated to 1 ml, spiked with the internal standard d 12 -benzo(e)pyrene, and analyzed using gas chromatographymass spectrometry (GC-MS) in the multiple ion detection mode. The GC separation used an RTx-5MS column (30 m, 0.25-mm i.d., 0.25-mm film) that was programmed from 1301C to 2201C at 21C per min, and then from 2201C to 3001C at 101C per min. A nine-point calibration curve (range 2-750 ng/ml) and a zero-level standard were analyzed with each sample set (12 field samples, a duplicate, a duplicate spike (250 ng), and a solvent method blank). The internal standard method of quantification was used with linear least-squares determination of the calibration curve. We used 13 C 6 -benzo(k)fluoranthene and 13 C 6 -dibenzo(a,e)-pyrene as surrogate recovery standards to correct for variable PAH recovery on a sample-by-sample basis. The average recoveries for the two surrogate recovery standards in the dust samples were 83±23% and 99±78% for 13 C 6 -benzo(k)fluoranthene (N ¼ 583) and 13 C 6 -dibenzo(a,e)pyrene (N ¼ 579), respectively. The average relative difference between analytes in duplicate samples was 27%.
Self-Reported Exposure Surrogates
Parents, primarily the biological mother (97%), responded to questions in a structured in-home personal interview designed to ascertain information about exposures and demographic factors pertinent to childhood leukemia. From these extensive questionnaire responses, we selected a focused subset of questions that were potentially indicative of the concentrations of PAHs measured in the house dust for our analysis. Specifically, we selected questions related to sources of indoor PAHs, including household heating appliances, household cooking practices, household cigarette smoking before and after birth, and presence of an attached garage. Furthermore, we considered the effects of household characteristics (i.e., residence age and type), parental demographics (i.e., parental age, education, income, and ethnicity), sampling conditions (i.e., season, duration at residence, vacuuming frequency, sampling method, carpet age, and sampling area), and child-specific variables (i.e., child's case-control status, sex, and age) on PAH concentrations in house dust.
GIS-Derived Exposure Surrogates
We used a global positioning system device to determine the latitude and longitude coordinates for each household. Subsequently, we evaluated three surrogates for outdoor PAH concentrations: traffic density, modeled predictions of outdoor PAH concentrations, and urban or rural location. Traffic density was estimated as described previously (Gunier et al., 2006) . Briefly, a 500-m radius was drawn around each residence and traffic density was defined as the sum of the annual average daily traffic count from the year 2000, multiplied by the length of the road for all roads within the buffer, divided by the buffer's area (United States Department of Transportation, Office of Highway Policy Information, 2003) . The estimates of outdoor PAH concentrations were taken from the EPA's 2002 National-Scale Air Toxics Assessment (US Environmental Protection Agency, 2009). The outdoor PAH concentrations were estimated at a census tract resolution using an air dispersion model and National Emissions Inventory data, which includes major stationary sources (i.e., power plants), area sources (i.e., commercial and residential emissions), and mobile sources (i.e., automobiles and trucks). The estimated outdoor PAH concentration represented seven of the nine individual PAHs measured in the house dust. As both outdoor PAH estimates and traffic density were approximately log-normally distributed, their logged values were used for statistical analyses. The urban indicator variable was coded as either 1, for residences in census blocks classified as ''urban'' (population density of at least 1000 people per square mile), or 0, for those classified as ''rural'' or ''other'' by the 2000 US Census (US Census Bureau).
Statistical Analysis
As previously described (Whitehead et al., 2009 ), we used principal components analysis to summarize 15 highly correlated household cigarette smoking variables with three meaningful principal components (i.e., parental, father-only, and other household smoking components). Likewise, five highly correlated parental demographic variables were summarized with two principal components (i.e., parental age and socioeconomic status). Residence age, a categorical variable, was treated as a continuous variable by subtracting the mid-point year from the construction date range reported from the median year of dust collection (i.e., if respondent reported a residence constructed between 1950 and 1959, residence age ¼ 2004À1955 ¼ 49 years or 4.9 decades).
Pairwise correlation coefficients between the natural logtransformed house-dust PAH concentrations and covariates of interest were estimated. Although Pearson correlation coefficients (of logged PAH levels) are reported, results were similar when using Spearman rank coefficients.
Multiple Imputation of Missing Data
We used a multiple imputation procedure to borrow information from available measurements to impute values for missing data. In simulation studies, multiple imputation has been shown to produce unbiased effect estimates and appropriate confidence intervals (Hopke et al., 2001; Lubin et al., 2004; Uh et al., 2008) . We had three types of missing data: missing house-dust PAH values, house-dust PAH values below the limit of detection, and missing covariate data. Overall, 70 (1.3% of N ¼ 5247) house-dust PAH measurements were missing for 56 subjects. These PAH measurements were missing as a result of interference from co-eluting compounds during GC-MS analysis, which made detection of some individual PAHs impossible. In addition, there were 63 (1.2% of N ¼ 5247) house-dust PAH measurements below the limit of detection in 44 participant households. Finally, 246 (42%) of the subjects had at least one missing covariate, because respondents were either unable or unwilling to complete all of the survey questions (i.e., respondent answered ''don't know'').
Because the nine individual PAHs were correlated in our data, the multiple imputation strategy was particularly useful. Specifically, using Proc MI (SAS v.9.1, Cary, NC, USA), we estimated the joint multivariate normal distribution for the nine correlated PAHs. Then, for each missing value, a probability distribution was created conditional upon the values for the non-missing PAHs (generally the eight other PAHs). Next, five possible imputations for the missing value were randomly drawn from the conditional probability distribution, which was bounded such that each of the randomly drawn values was greater than the limit of detection. The random sampling addressed uncertainty owing to missing values and resulted in more valid statistical inferences than single imputation. In addition, the relative magnitude of missing PAH estimates reflected the profile of the corresponding non-missing PAHs for the same subjects.
We used a similar procedure to estimate five possible values for each PAH measurement below the limit of detection and each missing covariate of interest. Covariate imputation was based on the distribution of non-missing covariates only. Again, logical bounds were set on the randomly selected values so that the estimates were reasonable (i.e., gas heating must be assigned as 0 or 1 and all estimates for measurements below the limit of detection must be less than the detection limit). Ultimately, five complete data sets were created with five imputed values for each of the three types of missing data. Regression analyses were performed separately on each data set (as described below) and the results were combined to produce inferential results.
Model Selection
The goal of the regression analysis was to build a model that would be useful in predicting house-dust PAH levels, given the questionnaire-and GIS-based variables. Hence, we used the deletion-substitution-addition (DSA) algorithm, a tool for model selection written in R programme (van der Laan and Dudoit, 2003; Sinisi and van der Laan, 2004; , to choose an optimal model from our list of candidate variables. We included all households and included imputed values (average of five imputations) in the DSA procedure. For each model considered, the DSA algorithm performed a 10-fold cross-validation procedure with 10 repeated rounds. Each round of cross-validation involved randomly partitioning the data into 10 complementary subsets, fitting a regression model based on 9/10 of the data, and validating the model by comparing predicted and measured values in the remaining data (the validation set). This process was repeated 10 times in each round so that each partition was used as the validation set once. Finally, to reduce variability, 10 rounds of cross-validation were performed using different partitions, and the regression coefficients were averaged over the rounds. The ''best'' model was the one that minimized the mean error between the predicted and observed values in 100 validation sets. The parameters in this ''best'' model should be the most useful in predicting house-dust PAH concentrations in other households from our population. The search for the ''best'' model began with the intercept-only model and proceeded iteratively by comparing the best model at each step with (1) a deletion step, which removed a term from the model, (2) a substitution step, which replaced one term with another, and (3) an addition step, which added a term to the model. Initially, we restricted the DSA algorithm; hence, it produced a model with only linear effects and no interaction terms. However, after we narrowed the model selection to the most informative variables, we repeated the DSA procedure and added second-order non-linear terms and two-way interactions that improved the model fit.
Regression Analysis
Because the PAH data had approximate log-normal distributions, the natural log of the total house-dust PAH concentration was used for all analyses. After selecting the optimal model using the DSA algorithm, three regression analyses were performed with case and control households combined. The primary analysis used data from all possible households regardless of the sampling method (both HVS3 and vacuum cleaner dust samples) or missing data (both observed and imputed values). The second analysis used only HVS3-sampled households and used the imputed data; this analysis included the size of sampling area variable. The third analysis included households with both HVS3 and vacuum cleaner dust, but excluded subjects with any missing data. The first two regressions analyzed the five imputed data sets separately and combined the results to infer appropriate confidence intervals (SAS v.9.1, PROC MI Analyze). For the third analysis, we used a standard least-squares linear regression (SAS v.9.1, PROC Reg).
Results
PAHs in House Dust
Our analyses included 277 cases and 306 controls with PAH house-dust measurements. As shown in Table 1 , individual PAH detection rates ranged from 94% to 100% and individual PAH concentrations ranged from below detection (limit of 2 or 4 ng/g) to a maximum of 2450 ng/g. The sum of the nine house-dust PAH concentrations (hereafter referred to as total house-dust PAH concentrations) for the 583 households ranged from 54 to 11170 ng/g, with a median value of 479 ng/g. Table 2 shows the Pearson correlation coefficients between individual log-transformed house-dust PAH concentrations. In general, levels of the nine PAHs were moderately to highly correlated. Table 3 shows the Pearson correlation coefficients between total log-transformed house-dust PAH concentrations and covariates of interest for the multiple imputation analysis (N ¼ 583 Â 5 data sets) and for the participants with complete covariate and PAH data. In general, the correlation coefficients were similar regardless of how the missing data were treated. In the bivariate analysis, residence age, traffic density, and outdoor PAH concentrations were the covariates most strongly correlated with total house-dust PAH concentrations. Table 3 also shows the number of subjects with missing values for the variables of interest. Table 4 shows the sum of the nine PAH concentrations by covariates of interest.
Multivariable Regression Models
On the basis of the DSA algorithm that used all homes and included imputed values, we selected six main effects in our model of logged total house-dust PAH concentrations and subsequently added two non-linear terms. Table 5 shows the parameter estimates and 95% confidence intervals for the optimal logged house-dust PAH concentration model, given the uncertainty introduced by the multiple imputation analysis (Table 5 , Model 1). Restricting the analysis to only HVS3-sampled homes (and including the variable size of sampling area) yielded a model with similar parameter estimates, but with slightly larger confidence intervals (Table 5 , Model 2). The variable size of the sampling area was marginally significant in the model with only HVS3-sampled homes. Similarly, restricting the analysis to only subjects with complete data yielded a model with parameter estimates similar to those in Model 1, but with slightly larger confidence intervals (Table 5 , Model 3).
The overall fit of Model 1 was R 2 ¼ 0.15. During crossvalidation of Model 1, the average difference between the predicted total house-dust PAH concentration and the measured total house-dust PAH concentration was 0.67 (in log scale). For comparison, the average difference between any measured total house-dust PAH concentration and the average total house-dust concentration was 0.72. Figure 1 Table 2. Pearson correlation coefficients between nine logged house-dust polycyclic aromatic hydrocarbons concentrations. compares the measured and predicted total house-dust PAH concentrations (in log scale). Table 6 shows predicted total house-dust PAH concentrations for various combinations of the six variables using parameter estimates from Model 1. Table 6 , shows the added effect of each term in the model on total house-dust PAH concentration. For example, while holding all other variables constant, the added effect of indoor gas heating increased the predicted total house-dust PAH concentration from 510 to 600 ng/g.
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Discussion
The house-dust PAH concentrations measured in our study were generally lower than those previously reported for households in Durham, NC, USA (Chuang et al., 1995; Lewis et al., 1999; Wilson et al., 2003) , in the Rio Grande Valley, TX, USA (Murkerjee et al., 1997) , in Cape Cod, MA, USA (Rudel et al., 2003) , in Long Island, NY, USA (Beyea et al., 2006) , and in Ottawa, Canada (Maertens et al., 2008) . However, a recent study of homes in Kuwait found house-dust PAH concentrations similar to those that we measured (Gevao et al., 2007) . The wide range of reported house-dust PAH concentrations probably reflects true geographical variability. Two suspected sources of indoor PAHs, that is, indoor gas heating and estimated outdoor PAH levels, were significant predictors of total house-dust PAH concentration in the models. Interestingly, the age of the residence had the most significant effect on total house-dust PAH concentrations, with older houses having higher PAH concentrations. The presence of the non-linear term, (residence age) 2 , in Model 1 shows that in houses built before 1970, the effect of the age of the house was sublinear. The age of residence had a similar effect in our previous analysis of house-dust nicotine concentrations (Whitehead et al., 2009) . Previous researchers have shown that only about 5% of the total dust loading present in a 10-year-old carpet will be available as surface dust, whereas the larger portion resides deep within the carpet and will not be removed by typical cleaning (Roberts et al., 1999 (Roberts et al., , 2005 . Taken together, these findings suggest that environmental contaminants can accumulate in household carpets over years or decades (Roberts et al., 2009 ).
The child's age at enrollment was also a significant predictor of PAH concentrations in house dust. Older children seemed to have higher concentrations of PAHs in their house dust. In bivariate analyses, a child's age at enrollment was positively correlated with the amount of time his or her family had lived in the current residence (r p ¼ 0.61) and with the age of the carpet sampled (r p ¼ 0.13). Although duration at residence and carpet age were not significant predictors of PAH levels, child's age may be a more reliably reported surrogate for the age of the dust collected. If so, the positive regression coefficient for the child's age variable is taken as further evidence that PAHs accumulate in household dust over time. Residence in an apartment/condominium, duplex/townhouse, or mobile home compared with a single family home, was also a significant predictor of the house-dust PAH concentration, with higher concentrations seen for multiple family dwellings. In Model 1, if the residence was not a single family home, the predicted total PAH concentration increased (Table 6 ). Because apartments, mobile homes, and townhouses are typically smaller than single family homes, this result is consistent with a previous finding that concentrations of environmental contaminants in house dust increased with decreasing square footage of the residence (Hein et al., 1991) . Presumably, given a constant number of PAH sources (i.e., heaters, stoves, smokers), a smaller residence would have a greater PAH concentration.
The mother's ethnicity was also a significant predictor of PAH concentrations in house dust. Hispanic mothers seemed to have lower house-dust PAH concentrations than nonHispanic mothers. Notably, Hispanic mothers were also more likely to report that their carpets were vacuumed more than once a week (76 vs 36% for Hispanic vs non-Hispanic) and were less likely to live in an urban census tract (66 vs 78% for Hispanic vs non-Hispanic). Although these other factors were not selected as variables in our optimal housedust PAH model, in bivariate analyses, vacuum frequency was negatively correlated with PAH concentrations and urban location was positively correlated with PAH concentrations.
Although we were able to identify several significant determinants of total house-dust PAH concentrations, even our best model only explained a small portion of the total variability of the data (R 2 ¼ 0.15). Moreover, during Table 5 . Results of multivariable regression analyses of total house-dust PAH concentrations using the optimal variable set selected with deletion-substitution-addition algorithm. cross-validation, our best model was only marginally better at predicting house-dust PAH concentrations than the intercept model (average residuals of 0.67 and 0.72, respectively). Ultimately, it seems that even the most relevant self-reported and GIS-based data provided only limited information about household PAH levels; this underscores the importance of making environmental or biological measurements.
As discussed above, dust samples were collected using both the HVS3 and household vacuum cleaners. Restricting the regression analysis to only those homes with dust collected by the HVS3 did little to change the estimates of the parameters used in Model 1 (Table 5 ). This reinforces previous findings from our study (Colt et al., 2008; Whitehead et al., 2009 ) and suggests that collecting house dust from household vacuum cleaners is a useful alternative to the more expensive and labor-intensive HVS3 sampling method.
An implicit assumption of our multiple imputation procedure is that the distribution of the missing data depends only on the observed data. This assumption is plausible, given the large size and correlation of the set of predictors used for imputation (Collins et al., 2001) . Moreover, restricting the regression to participants with complete data had little impact on the estimates of the parameters used in Model 1 (Table 5) . Indeed, whereas the parameter estimates were similar, the standard errors and confidence intervals were smaller for Model 1 than for Model 3. Thus, it seems that the multiple imputation of missing data was useful. The one variable that was substantially different in Model 3 was the variable identifying the residence as an apartment. However, because this variable had only one missing observation, the discrepancy probably points to data censoring in Model 3 rather than to failure of the imputation process.
Interestingly, several factors that have been related to house-dust PAH levels in previous studies, that is, smoking (Maertens et al., 2004) , vacuum use frequency (Maertens et al., 2008) , season (Murkerjee et al., 1997) , and urban location (Chuang et al., 1999) , were not important determinants in our analysis. However, some variables that were omitted from our optimal model (Model 1) were correlated with house-dust PAH concentrations in bivariate analyses. Specifically, the variables, urban location (r p ¼ 0.11), traffic density (r p ¼ 0.21), and vacuum use frequency (r p ¼ À0.07), were correlated with PAH levels. Moreover, PAH levels were higher in residences in which some household smoking was reported compared with residences with no household smoking (P t-Test ¼ 0.18). Still, these variables were not important predictors of PAH concentrations when more informative variables were included in the model (i.e., mother's ethnicity and outdoor PAH estimate). Conversely, variables describing cooking habits, fireplace use, and season did not seem to be correlated with house-dust PAH concentrations in bivariate or multivariable regression analyses (data not shown). Unfortunately, our variables describing cooking habits were crude (i.e., number of meat servings per week) and we did not have information for most of our population (N ¼ 129) . Notably, the case-control status was not an important determinant of PAH concentrations when more informative variables were included in the model. We also discount the potential importance of reporting bias in our models, because case and control parents would not be expected to differentially report the important predictor variables, namely, address, child's age, and residence construction date. Indeed, a recent unpublished study from the NCCLS showed no difference in the reliability of self-reported household pesticide use between cases and controls.
Our analyses of total PAH concentrations assume that the nine individual PAHs would have similar characteristics. To examine differences across PAHs, we used the variable set selected for the total PAH model and created a model for each individual PAH. The regression coefficients for each of the nine individual PAH models were fairly consistent, with each individual regression coefficient falling within the 99% House-dust polycyclic aromatic hydrocarbons Whitehead et al. confidence interval of the regression coefficient from the total PAH model (data not shown). The consistency of the regression results across individual PAH models and the correlation between individual PAHs, suggests that the nine PAHs measured have similar determinants.
Although the total concentration of house-dust PAH is a useful indicator of PAH contamination in the home, it has limitations as a measure of children's exposures to PAHs, which reflect not only ingestion of contaminated dust but also inhalation of contaminated air and ingestion of contaminated food. Thus, measuring the concentration of PAHs in house dust allows us to directly estimate only one route of exposure, namely, ingestion of PAHs in house dust. This route may be important to the overall dose of PAHs received by a child, given a recent estimate that dust ingestion contributed as much as 42% of non-dietary total PAH exposure in children (Gevao et al., 2007) . In addition, children may receive nearly 2.5 times the dose of carcinogenic PAH through ingested dust vs inhalation (Chuang et al., 1999) .
Our study was limited to collection of only one dust sample from each home, and in most cases, from only one room (HVS3 samples). This sampling strategy prevented us from analyzing the temporal (i.e., day-to-day) and spatial (i.e., room-to-room) variability of house-dust PAH concentrations in a given household and made it impossible to investigate measurement errors associated with temporal variability. Future studies should collect repeated samples of house dust to evaluate within-home and between-home sources of variability in house-dust PAH concentrations.
In summary, this study identified several determinants of house-dust PAH concentrations and confirmed that gas heating and elevated outdoor PAH concentrations were significant predictors of indoor PAH levels. Moreover, our results suggest that house-dust PAHs could be used as longterm surrogates for residential exposures to PAHs. Nonetheless, despite the large number of dust measurements and the extensive questionnaire-and GIS-based data in our study, we were only able to explain a small portion of the overall variability in PAH levels in house dust (R 2 ¼ 0.15). This underscores the importance of directly measuring PAH levels in epidemiological studies.
